The effects of clopidogrel and omeprazole on platelet function in normal dogs. J. vet. Pharmacol. Therap. 40,[130][131][132][133][134][135][136][137][138][139] Omeprazole is used concurrently with clopidogrel to reduce gastrointestinal adverse effects. In humans, the concurrent use of these two drugs can reduce the antiplatelet efficacy of clopidogrel. Our objective was to determine the effects of omeprazole and clopidogrel on platelet function in healthy dogs. A crossover study utilized turbidimetric aggregometry (ADP and collagen) and the PFA-100 â with the collagen/ADP cartridge to evaluate platelet function in eight healthy dogs during the administration of clopidogrel (1 mg/kg/24 h p.o.), omeprazole (1 mg/kg/24 h p.o.), and a combination of clopidogrel and omeprazole. Drug metabolite concentrations were also measured. Compared to pretreatment, on Days 3 and 5, with ADP as the agonist, there was a significant decrease in maximum amplitude on aggregometry for both clopidogrel and clopidogrel/omeprazole groups. The following revealed no significant differences between clopidogrel and clopidogrel/omeprazole groups when compared on Days 3 and 5: maximum amplitude on aggregometry with ADP or collagen agonists, and PFA-100 â closure times. When compared to the clopidogrel group, clopidogrel metabolite concentrations in the clopidogrel/ omeprazole group were significantly higher on Days 3 and 5. The concurrent administration of omeprazole and clopidogrel in healthy dogs was associated with an increase in the plasma concentration of an inactive metabolite of clopidogrel, but does not significantly alter the antiplatelet effects of clopidogrel.
INTRODUCTION
Thromboembolism is a devastating complication associated with several conditions in dogs, including immune-mediated hemolytic anemia, protein-losing nephropathy, atrial fibrillation, neoplasia, and parvoviral enteritis (Brainard et al., 2010) . Prophylactic medications are often administered to patients at the risk of thromboembolism to inhibit either the clotting cascade or platelet function or both, in an effort to prevent thrombus formation. Unfortunately, many preventative anticoagulant medications can only be administered by injection or are cost prohibitive, typically leaving antiplatelet medication as the most affordable option for prophylactic therapy. Low-dose aspirin, the most widely used oral antiplatelet medication, does not consistently inhibit platelet function in all dogs (Dudley et al., 2013; Haines et al., 2014) . Other antiplatelet agents, particularly clopidogrel, have therefore more recently become popular for the prevention of thromboembolism in dogs.
Clopidogrel is a prodrug that requires hepatic metabolism to form an active metabolite that irreversibly blocks the platelet P2Y 12 receptor and inhibits platelet aggregation (Juurlink et al., 2009; Ferreiro et al., 2010; Boulenc et al., 2012) . In humans, the hepatic cytochrome P450 (CYP) enzymes, including CYP 2C19, CYP3A4, CYP1A2, and CYP2B, are responsible for clopidogrel metabolism. However, the CYP 2C19 isoenzyme is believed to be the primary enzyme responsible for metabolism of clopidogrel Brainard et al., 2010) . Unfortunately, it is unknown which enzyme is responsible for clopidogrel metabolism in dogs. In most dogs, when measured by aggregometry, platelet function is inhibited within 3 h of clopidogrel administration, and platelet function remains inhibited for 24 h after the first dose (Brainard et al., 2010) . Recently, a small prospective study evaluated the safety of clopidogrel in canine immune-mediated hemolytic anemia patients. When compared to low-dose aspirin, clopidogrel appeared to be an equally safe treatment option (Mellett et al., 2011) .
Clopidogrel therapy has, however, been previously associated with unwanted adverse effects in humans, including gastrointestinal hemorrhage (Hallas et al., 2006; Tsai et al., 2012) . Proton-pump inhibitors, such as omeprazole, are therefore commonly administered with clopidogrel to reduce the risk and severity of gastrointestinal hemorrhage. Protonpump inhibitors, however, may inhibit the CYP 2C19 pathway that is needed to convert clopidogrel to its active metabolite in humans (Kukanich et al., 2005; Collet et al., 2009; Mega et al., 2009) . Concurrent administration of omeprazole and clopidogrel could therefore potentially reduce the metabolism of clopidogrel to its active form and thereby limit the antiplatelet effects of clopidogrel. In humans, some studies have demonstrated that concurrent omeprazole reduces the antiplatelet effects of clopidogrel and subsequently increases the risk of cardiovascular adverse events (Cuisset et al., 2009; Juurlink et al., 2009; Siller-Matula et al., 2009; Bhatt et al., 2010) . In fact, the FDA-approved label for human clopidogrel use states 'Avoid concomitant administration of omeprazole with clopidogrel'. Currently, it is not known if the concurrent administration of omeprazole and clopidogrel in dogs will cause similar interactions. Dogs do not possess the same CYP 2C19 enzyme as people (Court, 2013) , and it is not known if a similar enzyme is responsible for the conversion of clopidogrel to its active form in dogs. This study was designed to evaluate the effects of the concurrent administration of omeprazole and clopidogrel on platelet function and drug metabolite concentrations in normal dogs. Based on human studies, we hypothesized that when clopidogrel and omeprazole were administered concurrently in healthy dogs, the metabolism of clopidogrel to the active form would be reduced, subsequently decreasing the antiplatelet effects of clopidogrel.
MATERIALS AND METHODS

Study design, animals
Eight healthy Walker hound dogs, four intact females and four neutered males, were used in this study. The dogs were not exposed to any medications or vaccines for at least 3 weeks prior to initiation of the study. Normal health status was established by the detection of no abnormalities on physical examination, complete blood count (including manual platelet count), serum biochemistry, urinalysis, and heartworm testing. The median age of the eight dogs was 1.5 years (range, 1-7 years), and their median body weight was 27.7 kg (range, 24.7-29.6 kg). Study participants were weighed at the beginning of the study, and the weights obtained were used to calculate all subsequent doses. Animal use was approved by the Mississippi State University Institutional Animal Care and Use Committee and was in compliance with the requirements at a facility accredited by the American Association for Accreditation of Laboratory Animal Care.
In a three way, randomized, crossover study, the dogs were given either clopidogrel (clopidogrel bisulfate; Bristol-Myers Squibb, New York, NY, USA) (1 mg/kg, p.o., q24 h), omeprazole (omeprazole; AstraZeneca, Wilmington, DE, USA) (1 mg/kg, p.o., q24 h), or clopidogrel and omeprazole combination therapy (1 mg/kg, p.o., q24 h, and 1 mg/kg, p.o., q24 h, respectively). All medications were administered orally for 5 days, followed by at least 14 days without any drug treatment. After this recovery period, the dogs switched groups, and the study was continued until all dogs had received each treatment.
Blood samples were collected for platelet function testing and measurement of the clopidogrel metabolite and omeprazole concentrations. There are no FDA-approved formulations for either drug available for dogs, and drug concentrations were therefore measured to ensure that oral absorption of both drugs occurred. For all drug combinations, blood samples were collected on Day 0 as a baseline before drug administration, and again on Days 3 and 5 of drug administration. For all medication groups, blood samples were collected 2 h after drug administration. Blood samples were collected via jugular venipuncture with a 20 gauge needle directly into a vacutainer tube containing 3.2% sodium citrate anticoagulant or 143 units of sodium heparin (Vacutainer tube; Becton Dickinson, Franklin Lakes, NJ, USA). For the assessment of platelet function, each sample was collected with a ratio of 1:9 citrate to blood to standardize the degree of anticoagulation.
Platelet function analysis
Turbidimetric platelet aggregometry. To create platelet-rich plasma (PRP), whole blood collected into 3.2% sodium citrate was centrifuged at 1200 g at room temperature for 3 min. The PRP supernatant was collected, and the remaining blood sample was centrifuged at 1800 g at room temperature for 8 min to create platelet-poor plasma (PPP).
A two channel turbidimetric platelet aggregometer (Chronolog 700 Whole Blood/Optical Lumi-Aggregometer; Chronolog Corporation, Haverton, PA, USA) was used to analyze platelet aggregation. For each dog, time point, and drug, three total samples were analyzed, and the results were averaged to yield a single value for each time point. Aggregation was assessed using ADP (10 lM) or collagen (10 lg/mL) as agonists, with a temperature of 37°C, and a stirring speed of 1200 rpm. Samples were analyzed based on the manufacturer's standard guidelines (Chronolog 700 Manual; Chronolog Corporation). Briefly, 247 lL of PRP was transferred into a glass cuvette containing a siliconized magnetic stir bar, and 250 lL of PPP was placed into a cuvette without a stir bar. Samples were incubated, at 37°C, for 1 min, placed into the aggregometer, and stable baseline values corresponding to 0% and 100% aggregation were obtained using PRP and PPP, respectively. ADP or collagen was added to the PRP, and aggregation was monitored for 6 min and 8 min, respectively. The maximal percentage aggregation was calculated and recorded using computer software (AGGRO/LINK 8, Chronolog Corporation, Haverton, PA). Samples were maintained at room temperature (approximately 20-22°C) without agitation prior to analysis. All samples were analyzed within 5 h of collection. The number of platelets within the PRP was not adjusted to a standardized count by dilution with PPP prior to analysis, based on recommendations published by the International Society of Thrombosis and Haemostasis Platelet Physiology and Scientific and Standardization Committee (Mani et al., 2005; Cattaneo et al., 2007; Linnemann et al., 2008) .
Based on the established mechanism of action of the drug, measurement of ADP-induced platelet aggregation is considered to be the primary assessment of clopidogrel-induced inhibition of platelet function. Collagen-induced platelet aggregation is not necessarily a direct indicator of the effects of the drug on platelets, but does provide an overall assessment of platelet aggregation and function. Turbidimetric aggregometry, although traditionally considered the gold standard measure of platelet function, does not evaluate platelet function in whole blood or under shear forces that naturally occur in the patient. An additional measure of platelet function, a bench top platelet function analyzer using the same agonists, was therefore utilized to assess platelet function under more natural conditions.
Platelet function analyzer
A whole blood platelet function analyzer (PFA-100 â ; Siemens Healthcare Diagnostics, Deerfield, IL, USA), which has been validated for use in dogs (Callan & Giger, 2001; Morales et al., 2007; Nielsen et al., 2007) , was used to analyze platelet function in whole blood. While passing blood under high shear forces, the PFA-100 â measures the closure time, in seconds, that is required to form a platelet plug after activation with several agonists. The maximum closure time for the instrument is >300 sec. The instrument was used according to manufacturer's instructions. Briefly, blood samples were collected directly into blood collection tubes containing 3.2% sodium citrate and kept at room temperature without agitation until analysis. For analysis, 800 lL of whole blood was transferred into a collagen/ ADP cartridge (PFA Collagen/ADP Test Cartridge, Siemens Healthcare Diagnostics, Duluth, GA) and analyzed. Two collagen/ADP cartridges were analyzed at each time point for all dogs, and the closure times were averaged. All samples were analyzed within 2 h of collection.
Drug concentration analysis
Clopidogrel is a prodrug that must be converted to an active metabolite (a thiol derivative) via formation of the 2-oxoclopidogrel intermediate, followed by formation of the inactive carboxylic acid metabolite SR 26334. It is not feasible to measure the parent drug, clopidogrel, because it is rapidly converted to the active metabolite. Although the antiplatelet effects of clopidogrel are attributed to the active metabolite, measurement of the concentration of inactive metabolite SR 26334 has been used as a surrogate marker to verify oral absorption. In humans, SR 26334 represents 85% of the circulating clopidogrel metabolites (Bahrami et al., 2008) . For this study, the inactive clopidogrel metabolite was measured using a previously published and validated method for dogs (Brainard et al., 2010) . Omeprazole concentrations were measured using a previously validated assay for dogs (Tolbert et al., 2011) . For all drug assays, the acceptance criteria were the same as for the previously published assays. Quality control (QC) samples and fresh calibration samples were prepared each day. Calibration and QC samples were prepared in pooled blank (control) canine plasma collected from dogs prior to this study.
Statistical analysis
Prestudy sample size calculations were performed using data from a previous study performed in humans (Ferreiro et al., 2010) . A sample size of eight was calculated based on a goal of being able to detect a difference of greater than 20% in platelet function using an alpha of 0.05 and a power of 0.80. Mixed models using PROC MIXED in SAS for Windows 9.4 (SAS for Windows version 9.2; SAS Institute, Cary, NC, USA, 2008) were fit for each outcome that included day, treatment, and the day by treatment interactions as fixed effects. Dog identity was included as a random effect with variance components covariance structure. Repeated measures of dogs within run were accounted for in a repeated statement using an autoregressive one covariance structure. If the interaction term was significant, differences in least squares means between each of the levels of one variable were calculated for each level of the other variable in the interaction using an LSMESTIMATE statement. The simulate adjustment was used to compute P-values, adjusted for multiple comparisons, for outcomes with significant main effect or interaction terms. Plots of the residuals (the difference between the observed and predicted values) were assessed for each outcome to ensure the assumptions of the statistical method (e.g., normality and equal variance) had been met. An alpha level of 0.05 was used to determine statistical significance for all methods.
RESULTS
Turbidimetric aggregometry-ADP
The median turbidimetric aggregometry maximum amplitude using ADP as an agonist for the omeprazole group on Day 0 was 62.1% (range, 25.7-80%), while the median maximum amplitude on Day 3 and Day 5 was 50% (range, 12-68.3%) and 55.8% (range, 22.7-65.6%), respectively. There was no significant difference in maximum amplitude between Days 0, 3 and 5. The median maximum amplitude for the clopidogrel group on Day 0 was 63.3% (range, 30.3-73.3%), while the median maximum amplitude on Day 3 and Day 5 was 11% (range, 2.3-16.3%) and 7.5% (range, 1.3-25%), respectively. When compared to Day 0, there was a significant decrease in maximum amplitude on both Day 3 (P < 0.0001) and Day 5 (P < 0.0001). There was no significant difference in maximum amplitude between Days 3 and 5. The median maximum amplitude for the clopidogrel/omeprazole group on Day 0 was 54.7% (range, 33-81.7%), while the median maximum amplitude on Day 3 and Day 5 was 13.8% (range, 4-23%) and 9.8% (range, 0.3-29%), respectively. When compared to Day 0, there was a significant decrease in maximum amplitude on both Day 3 (P < 0.0001) and Day 5 (P < 0.0001). There was no significant difference in maximum amplitude between Days 3 and 5. There was no difference in the median maximum amplitude on Day 0 for any of the three medication groups. On Days 3 and 5, there was a significant decrease in maximum amplitude between the omeprazole group and the clopidogrel group, and the omeprazole group and the clopidogrel/omeprazole group. There was no difference in maximum amplitude between the clopidogrel group and the combined clopidogrel/omeprazole group (Fig. 1) .
Turbidimetric aggregometry-collagen
The median turbidimetric aggregometry maximum amplitude using collagen as an agonist for the omeprazole group on Day 0 was 62% (range, 53.7-81.3%), while the median maximum amplitude on Day 3 and Day 5 was 53.7% (range, 43-68.3%) and 58.3% (range, 46.3-70.7%), respectively. The median maximum amplitude for the clopidogrel group on Day 0 was 62.8% (range, 55.3-75.7%), while the median maximum amplitude on Day 3 and Day 5 was 46.3% (range, 28-59.3%) and 42% (range, 29.7-67%), respectively. The median maximum amplitude for the clopidogrel/omeprazole group on Day 0 was 57.8% (range, 42.7-80%), while the median maximum amplitude on Day 3 and Day 5 was 36.3% (range, 23.3-77.7%) and 42.7% (range, 2.3-75.3%), respectively. Collectively, compared to Day 0, the maximum amplitude on Days 3 and 5 was significantly decreased, but was not dependent on a specific treatment group. There was no difference in maximum amplitude between Days 3 and 5 (Fig. 2) .
Platelet function analysis
The median PFA-100 â closure time (collagen/ADP cartridge) .5-300), respectively. Drug (P = 0.0429) and day (P = 0.0010) both had a significant effect on median closure time, but the drug-day interaction was not significant (P = 0.1965). There was a significant (P = 0.0356) increase in the closure time between the omeprazole group and the clopidogrel group; however, there were no difference between the omeprazole group and the clopidogrel/omeprazole group and the clopidogrel group and the clopidogrel/omeprazole group. Collectively, compared to Day 0, the closure times on Days 3 and 5 were significantly increased, but was not dependent on a specific treatment group. There was no difference in closure times between Days 3 and 5 (Fig. 3 ).
Drug and metabolite concentrations
The median plasma concentration of omeprazole in the omeprazole group was 0.83 lg/mL (range, 0.35-1.52 lg/mL) on Day 3 and 0.67 lg/mL (range, 0.02-1.00 lg/mL) on Day 5, while the omeprazole concentration in the omeprazole and clopidogrel group was 0.82 lg/mL (range, 0.02-1.25 lg/mL) and 0.85 lg/mL (range, below the limit of quantification-1.52 lg/mL) on Days 3 and 5, respectively. On Day 0, the median plasma concentration of omeprazole in the omeprazole group was 0.03 lg/mL (range, 0.00-0.05 lg/mL) and in the omeprazole/clopidogrel group was 0.03 lg/mL (range, 0.00-0.04 lg/mL). In the omeprazole group, compared to Day 0, the concentration of omeprazole increased on Day 3 (P < 0.0001) and Day 5 (P < 0.0001). There was no difference in omeprazole concentrations between Days 3 and 5. Additionally, there was no difference in the omeprazole concentrations between the omeprazole group and the clopidogrel/ omeprazole group (Fig. 4A) .
The median plasma concentration of the inactive carboxylic acid clopidogrel metabolite SR 26334 in the clopidogrel group was 0.24 lg/mL (range, 0.17-0.65 lg/mL) on Day 3 and 0.23 lg/mL (range, 0.13-0.28 lg/mL) on Day 5, while the clopidogrel metabolite concentration in the omeprazole and clopidogrel group was 0.50 lg/mL (range, 0.38-0.64 lg/mL) and 0.47 lg/mL (range, 0.41-0.85 lg/mL) on Days 3 and 5, respectively. The plasma concentration of the clopidogrel metabolite in both groups on Day 0 was not detectable for all dogs. Compared to Day 0, in the clopidogrel group, the concentration of the clopidogrel metabolite increased on Days 3 (P < 0.0001) and 5 (P < 0.0001). In the clopidogrel/omeprazole group, compared to Day 0, the concentration of the clopidogrel metabolite increased on Days 3 (P < 0.0001) and 5 (P < 0.0001). Additionally, for both treatment groups, there was no difference in clopidogrel metabolite concentration between Days 3 and 5. However, when compared to the clopidogrel group, the clopidogrel metabolite concentration in the clopidogrel/omeprazole group was significantly greater on Day 3 (P < 0.0001) and Day 5 (P < 0.0001) (Fig. 4B) .
DISCUSSION
In 2009, the United States Food and Drug Administration released a statement warning that the concurrent administration of omeprazole with clopidogrel could decrease the antiplatelet effects of clopidogrel in humans (Kwok & Loke, 2012) . Interestingly, although our study demonstrated that the concurrent administration of omeprazole with clopidogrel did not have a clinically relevant effect on the antiplatelet effects of clopidogrel in dogs, the addition of omeprazole did appear to have an effect on concentrations of the inactive clopidogrel metabolite. Specifically, administration of omeprazole was associated with significantly higher concentrations of the inactive clopidogrel carboxylic acid metabolite (SR 26334).
The initial studies performed in humans were based on results from platelet function assays (Gilard et al., 2008; Cuisset et al., 2009) , followed by studies evaluating clinical outcomes in hypercoagulable patients (Ho et al., 2009; Juurlink et al., 2009; O'Donoghue et al., 2009; Bhatt et al., 2010) . These studies have varying outcomes, creating considerable controversy regarding the impact of omeprazole on clopidogrelassociated platelet dysfunction. For example, from a systematic review of the effects of proton-pump inhibitors on the antiplatelet effects of clopidogrel, of nine studies assessing platelet function in patients receiving clopidogrel and omeprazole, five studies indicated a significant reduction in the antiplatelet effects of clopidogrel, while the remaining four studies demonstrated no significant effects (Kwok & Loke, 2012) . The results of this study in dogs are consistent with these latter studies in humans, in that we did not demonstrate any significant difference in platelet function when dogs were treated with both clopidogrel and omeprazole compared to treatment with clopidogrel alone.
In our study, platelet function was evaluated via turbidimetric aggregometry (ADP or collagen as agonists) and the PFA-100 â platelet function analyzer (collagen/ADP cartridge). In both human and veterinary medicine, platelet aggregometry is considered to be the gold standard method for the evaluation of drug-induced platelet dysfunction (Nielsen et al., 2007; Lordkipanidz e et al., 2009) . Aggregometry assesses platelet function using agonists to activate platelets and measures platelet aggregation (Lordkipanidz e et al., 2009). As expected, in our study, there was a significant decrease in platelet function following the administration of clopidogrel when ADP was the agonist, and a similar decrease in platelet function occurred when clopidogrel was administered concurrently with omeprazole. Additionally, for both the clopidogrel group and the clopidogrel/omeprazole group, there was a decrease in platelet function when collagen was used as the agonist. Our results are similar to studies in humans that identified a decrease in platelet aggregation both with clopidogrel and with a clopidogrel/omeprazole combination (O'Donoghue et al., 2009; Ferreiro et al., 2010) . The second instrument used to assess platelet function in our study was the PFA-100
â . This instrument uses whole blood under shear forces to assess platelet function and is more user-friendly than aggregometry for the clinical setting. There is, however, some test-to-test variability in closure times generated by the PFA-100 â . To compensate for this variability, two samples per dog per time point were analyzed and averaged. Our study demonstrated an increase in the PFA-100 â closure times, suggesting a decrease in platelet function, when clopidogrel was administered, both with and without omeprazole. Similar to our aggregometry results, our PFA-100 â results suggest that the concurrent administration of omeprazole with clopidogrel does not have a significant impact on the antiplatelet effects of clopidogrel. The PFA-100 â collagen/ADP cartridge, however, may not be the ideal instrument and cartridge to assess clopidogrel- induced platelet dysfunction. In humans, the INNOVANCE â PFA P2Y cartridge (Siemens Healthcare, Erlangen, Germany) has been reported to provide a better assessment of clopidogrel-associated platelet dysfunction than a standard PFA-100 â Collagen/ADP cartridge (Edwards et al., 2012; Tsantes et al., 2012; Lim et al., 2015) . Unfortunately, this instrument and cartridge were not available at the time that our study was conducted.
The cause of the increase in concentrations of the inactive metabolite of clopidogrel associated with concurrent omeprazole administration detected in this study is undetermined. Clopidogrel is a prodrug and, after administration, must be converted to an active form that inhibits platelet function. In humans, there are two main pathways involved in clopidogrel metabolism. The first pathway creates the active metabolite, a thiol derivative, which leads to the antiplatelet effects of clopidogrel, while a second pathway forms the inactive carboxylic acid metabolite, SR 26334. In humans, the CYP enzymes, including CYP 2C19, CYP 3A4, CYP 1A2, and CYP 2B6, are responsible for the conversion of clopidogrel to the active metabolite (Brainard et al., 2010) . There is no evidence that dogs possess the CYP 2C19 enzyme (Court, 2013) , and it is unknown if clopidogrel metabolism in dogs is similar to humans (Chauret et al., 1997; Brainard et al., 2010) , but it possible that clopidogrel is metabolized through a similar CYP pathway. In people, omeprazole inhibits the CYP 2C19 enzyme, one of the enzymes that metabolizes clopidogrel, potentially interfering with the biotransformation that is responsible for the formation of the active metabolite of clopidogrel. Based on human studies, concurrent administration of omeprazole and clopidogrel therefore would be expected to produce lower blood concentrations of clopidogrel metabolites.
Clopidogrel and its active metabolite are usually undetectable in plasma using standard means, and the inactive carboxylic acid metabolite SR 26334 is therefore typically used as a surrogate to assess oral drug absorption (Bahrami et al., 2008) . In the dogs that received clopidogrel alone, our study revealed plasma concentrations of the inactive clopidogrel metabolite that were comparable to a previous study that evaluated the pharmacokinetic and pharmacodynamic effects of clopidogrel in dogs (Brainard et al., 2010) . When clopidogrel was administered concurrently with omeprazole, in contrast, the plasma concentration of the inactive clopidogrel metabolite nearly doubled. One possibility is that the concurrent administration of omeprazole inhibits the metabolism of clopidogrel to its active form, shunting the substrate instead to the inactive form. However, this would have been expected to have led to a smaller concentration of the active form of clopidogrel in the dogs receiving omeprazole, which in turn might have been expected to lead to impairment of the effects of clopidogrel on platelet function. This effect was not observed in this study. However, the lowest concentration of the active metabolite that consistently inhibits platelet function in dogs is unknown. According to Brainard et al., at a clopidogrel dose of 0.5 mg/kg daily, half of the dose used in the present study, platelet function in dogs was still effectively inhibited (Brainard et al., 2010) . Therefore, the 1 mg/kg daily clopidogrel dose used in our study may have produced sufficient concentration of active metabolite to adequately suppress platelet function, despite the shunting of more substrate to the inactive form. Future studies should explore the antiplatelet effects of the active clopidogrel metabolite if clopidogrel is administered at a lower dose concurrently with omeprazole.
There were several limitations to this study. First, this study was performed in healthy research dogs instead of hypercoagulable patients, and results may therefore not be directly applicable in clinical situations. Secondly, a study using a larger population may have been able to detect more subtle changes in platelet function. However, prior to initiating our study, we used the results of a human study (Ferreiro et al., 2010) to conduct a sample size calculation and determined that eight dogs would be sufficient to determine whether there was a clinically relevant difference (greater than 20%) in platelet function when clopidogrel and omeprazole were combined. Although our study may not have had sufficient animals enrolled to detect subtle differences in platelet function, such differences, if they did exist but were not detected, would in our opinion not be enough to be clinically relevant. Thirdly, the tests of platelet function used in our study were similar to those used in some, but not all, comparable human studies. In human medicine, one of the factors contributing to the controversy regarding the effects of proton-pump inhibitors on clopidogrel-associated platelet dysfunction is a lack of standardization of the tests used for platelet function (Kwok & Loke, 2012) . Our study focused on platelet function and aggregation during the administration of these medication; however, other assays, such as flow cytometry and the assessment of the platelet phosphorylation state, as used in some human studies, could have been used to assess the effects of this drug combination on canine platelets (Siller-Matula et al., 2009; Ferreiro et al., 2010) . Finally, even though it is considered a surrogate marker, our study used the inactive metabolite of clopidogrel to represent drug metabolism, instead of the active metabolite. Unfortunately, in both human and veterinary medicine, it is extremely difficult to measure the active metabolite, requiring the use of this surrogate inactive metabolite instead.
In humans, it has been suggested that the concurrent use of clopidogrel and omeprazole can diminish the antiplatelet effects of clopidogrel and that alternative gastrointestinal protectant drugs should therefore be considered. In contrast, our study found no evidence that the concurrent use of the two drugs significantly alters the antiplatelet effects of clopidogrel in healthy dogs. Although blood concentrations of an inactive clopidogrel metabolite increased when clopidogrel was administered concurrently with omeprazole, the clinical significance of this finding is undetermined.
